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In the preceding paper (Brown and MilnerBrown, 1976 ) it was shown that two of the most critical assumptions made in the electrophysiological method of estimating the number of motor units in a muscle introduced by McComas et al. (1971) were not correct. Modifications to the original method have recently been introduced by Ballantyne and Hansen (1974) and Panayiotopoulos et al. (1974) , but both these two methods are influenced by the same two critical assumptions.
The first important factor in the estimation of the number of motor units in a muscle, which have so far been disregarded by the above authors, are inherent properties of motor axons: the fluctuations in their electrical excitability and their overlap in firing levels. The second important factor is that motor units whose sizes are much larger than the incremental steps evoked by nerve stimulation can be isolated by the isometric voluntary contraction method (Milner-Brown et al., 1973a) , the F-recurrent discharge method (Brown and Feasby, 1974) , and by stimulation of multiple points along the length of the nerve (Brown and Milner-Brown, 1976) . Hence, any motor unit estimate which excludes these properties of motor units can generally lead to erroneous results. This paper describes two methods of estimating the number of motor units in a muscle based on the original method of McComas et al. (1971) , but with the important modification of incorporating the fluctuations in the response of motor units to electrical excitation and a possible correction for the overlap in motor axon firing levels.
METHODS
The basic method is unchanged and consists first in obtaining a mean motor unit action potential representative of the motor units in the muscle. The number of motor units is then estimated by dividing the maximum compound potential evoked in muscle by supramaximal electrical stimulation to the nerve by the mean motor unit potential (MMUP) . The two methods to be described were developed at different times. The first method, which was more recently developed, has been used in the motor unit estimation (MUE) of mainly the first dorsal interosseous (IDI) muscle, but the second method has been applied extensively to the extensor digitorum brevis (EDB) and thenar and hypothenar muscles. The methods will be presented separately, followed by the basic biophysical principles justifying them. In estimating the mean motor unit potential (MMUP), the main criteria for identifying the recruitment of an additional unit are that Apd(n+ 1) > Apd(n) and Amn(n + 1) > Amx(n)-that is, the predominant amplitude or area of the compound potential (CP) evoked by stimulating n +1 motor units is greater than the compound potential evoked by stimulating n motor units and also the minimum CP evoked by stimulating n+ 1 MU should equal or exceed the maximum CP evoked by stimulating n MU with long train pulses and under the same experimental conditions. These criteria are based on the general assumption that if a stimulus voltage V1 is required to recruit the first n MU and a higher voltage V2 is needed to recruit the (n + l)th MU, then V2 should excite the same n MU recruited at voltage V1, plus the additional (n+ I)th MU, under the same experimental conditions. Thus it is evident from the above criteria that 10 incremental steps do not necessarily represent the recruitment of 10 motor units, but usually represent a fewer number of motor units. A justification of the criteria will be considered in the next section.
METHOD II The experimental arrangement used for MUE in EDB and thenar and hypothenar muscles has been previously described in detail (Brown, 1973) . As the stimulus voltage is increased, 0-2 motor units with distinct thresholds may be recruited. After this number (n), any increase in stimulus voltage (V), generally results in a fluctuation in the incremental steps ('alternation') as shown in the preceding paper. V is then kept constant and 50 stimulus pulses applied to nerve to produce Nmx incremental steps. The MMUP is estimated as follows: if the number of incremental steps with distinct thresholds-that is, firing points-is n (varies between 0 and 2 in normal subjects), then Nmx-n steps were involved in the alternation. The maximum possible combinations of N motor units, with overlapping firing levels needed to produce Nmx-n steps is given by 2N-1. From the relation 2N -> Nmx-n, N is found and the MMUP is computed by dividing the negative compound potential by the corrected number of motor units recruited, which is equal to N + n. The procedure is repeated a number of times, the negative MCP obtained, and the MUE calculated. The experimental justification of this method is presented by Brown and Milner-Brown (1976) . A simple theoretical basis will be outlined in the next section.
JUSTIFICATION OF METHODS Method I Suppose the minimum voltage required to excite a motor unit is V. If the voltage is kept fixed at V, and 50 pulses given to nerve, the motor unit will fire only about 10% of the time-that is, response probability or firing index of 10%. As the voltage is increased gradually, the firing index will increase until at voltage V+ AV, the firing index reaches 100%. This fluctuation in excitability is an inherent property of animal and human axons (Blair and Erlanger, 1933; Pecher, 1939; Verveen, 1962; Ten Hoopen and Verveen, 1963; Bergmans, 1970; Brown and MilnerBrown, 1976) . Figure 1C shows a schematic diagram of the firing index plots of six motor units. At a voltage V,, motor unit MU1 has a firing index of 80%o and is represented by the potential A1 (Fig. IB Brown and Milner-Brown (1976) . In Fig. 5 Using the formula 2N'-, the probable number of MU involved in the five alternating steps would be three, and hence the total number of MU which produced the compound potential B would be three plus the first two MU recruited.
conventional method of McComas et al. (1971) and the present 'alternation correction' method in the estimation of the MMUP. In the upper figure (A), six incremental steps were produced by graded electrical stimulation, and the MMUP calculated from the negative compound potential was 66 ,uV. In the lower figure (B), 100 stimulus pulses at motor threshold produced 15 incremental steps. By using the alternation correction formula 2N-1, the probable number of MU to produce the observed 15 steps would be four, and the MMUP calculated equal to 100 ,uV.
This comparison was done frequently in the initial stages, and it was found that the MUE using the alternation correction was, on average, Ballantyne and Hansen, 1974; Panayiotopoulos et al., 1974; Sica et al., 1974) . In the preceding paper, a method was described in which single motor units were obtained by stimulation at multiple locations along the length of the nerve. The amplitudes of the MU isolated by this method ranged from less than 50 ,uV to over 2 mV, with mean + SD of 332 + 625 ,uV. Unfortunately, because there is no built-in correction for the differences in the latencies to peak, the mean amplitude cannot be used directly in the calculation of the MUE. A computerized method is now being devised in this laboratory, which will hopefully solve this problem, and make this method potentially useful for estimating motor unit numbers in the future. In a continuation of this investigation, the two modified methods, and the potentially third method, will be used simultaneously in the estimation of the number of motor units in different muscles in patients with muscular dystrophy.
In conclusion, the authors would like to state that the modified methods described in this paper do not solve all the problems involved in the electrophysiological methods of estimating the number of motor units in a muscle, but should help to make future estimates more accurate. For the present, then, it is necessary to continue to question the validity of the motor unit estimates in health and disease in order to make use more properly of the information such estimates provide.
